A treosulfan (Treo)-based conditioning regimen prior to hematopoietic stem cell transplantation (HSCT) has been successfully used in treating hematological malignant and nonmalignant diseases. We report Treo pharmacokinetics (PK) in patients with thalassemia major undergoing HSCT (n 5 87), receiving Treo at a dose of 14 g/m 2 /day. Median Treo AUC and clearance (CL) was 1,326 mg*h/L and 10.8 L/h/m 2 , respectively. There was wide interindividual variability in Treo AUC and CL (64 and 68%) which was not explained by any of the variables tested. None of the Treo PK parameters were significantly associated with graft rejection or toxicity; however, Treo CL <7.97 L/h/m 2 was significantly associated with poor overall (hazard ratio (HR) 2.7, confidence interval (CI) (1.09-6.76), P 5 0.032) and event-free survival (HR 2.4, CI (0.98-5.73), P 5 0.055). Further studies in a larger cohort are warranted to identify the factors explaining the variation in Treo PK as well as to establish a therapeutic range of Treo for targeted dose adjustment to improve HSCT outcome.
Study Highlights
WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC? þ There are limited reports on Treo pharmacokinetics in hematological disorders, especially in a nonmalignant condition like thalassemia major (TM). With the increasing use of treosulfan (Treo) in hematopoietic stem cell transplantation (HSCT) conditioning, it is mandatory to understand its kinetics and dynamics in the HSCT setting. Previously reported pilot studies established methods to measure Treo and was applied to very small number of patients with a range of hematological diseases and Treo dose.
WHAT QUESTION DID THIS STUDY ADDRESS?
þ The present study is the largest describing the population pharmacokinetics of Treo in a uniform cohort of patients receiving Treo at 14 g/m 2 /day 3 3 days. Treo PK showed wide interindividual variability; however, none of the factors tested explained this variation. WHAT THIS STUDY ADDS TO OUR KNOWLEDGE þ Treo CL was significantly associated with overall survival (OS) and event-free survival (EFS). HOW THIS MIGHT CHANGE CLINICAL PHARMA-COLOGY OR TRANSLATIONAL SCIENCE þ Further studies are warranted to establish a therapeutic window of Treo enabling targeted dose adjustment to improve HSCT outcome.
Treosulfan (Treo), originally registered as Ovastat, is being successfully used as a part of conditioning regimen prior to hematopoietic stem cell transplantation (HSCT). HSCT unanimously made its way as the only curative treatment option that is currently available for patients with thalassemia major (TM). Improving outcome in high-risk patients with significant liver dysfunctions has been a challenge. Patients above 7 years and with significantly enlarged liver have been shown to have poor outcomes due to regimen-related toxicity, especially sinusoidal obstruction syndrome (SOS) or rejection of the graft with a busulfan (BU) / cyclophosphamide (CY) conditioning regimen. 1 A regimen containing Treo, fludarabine (F-araA), and thiotepa has been used since 2009 at our center (Christian Medical College, Vellore, India) for high-risk TM patients with significantly improved transplant outcomes compared to the historical cohort of patients receiving a BU/CY-based myeloablative regimen.
moieties. Unlike BU, Treo is the prodrug that is water-soluble and nonenzymatically converts into its monoepoxide and diepoxide active derivatives, (S,S)-EBDM and (S,S)-DEB, respectively. These metabolites are known to exhibit their cytotoxicity by DNA alkylation and double-strand breakage. 3 Although no known drug-metabolizing enzymes or transporters are involved in the Treo biotransformation, the active epoxide derivatives are known to be detoxified with the help of epoxyhydrolases and glutathione S-transferase (GST) enzymes. [4] [5] [6] Treo in combination with thiotepa and F-araA has been widely used prior to HSCT to treat a variety of hematological malignant and nonmalignant conditions. [7] [8] [9] [10] [11] [12] [13] Despite a low toxicity and high antileukemic activity exhibited by this regimen, the nonrelapse mortality (NRM) and incidence of relapse was still high (20% and 24%, respectively). 12, 13 At the maximum tolerated dose and above prior to HSCT, there was severe myelosuppression, grade III and IV mucositis and diarrhea, 14 sinusoidal obstruction syndrome (SOS), renal toxicity, heart failure, nausea, infections, and gastrointestinal toxicity. 13, [15] [16] [17] However, there is no report directly comparing the Treo systemic exposure to the HSCT outcome endpoints including toxicity or graft rejection/ relapse. Hence, the therapeutic range of Treo to achieve better HSCT outcome has not been established so far. This is probably due to a limited number of pharmacokinetic (PK) studies of Treo conducted in the HSCT setting with a relatively small number of patients with a difference in interindividual variability (IIV). [18] [19] [20] [21] [22] These studies included various disease conditions, the majority being hematological malignant disorders, dose of Treo, rate of infusion, and method of Treo analysis. Hence, the goal of the present study was to describe the PK of Treo in a uniform cohort of patients with TM undergoing HSCT, evaluate the factors influencing the IIV in PK, and the role of Treo PK on HSCT outcome.
RESULTS Patients
Eighty-seven patients with TM (median age 9 years; range 1.5-25 years) receiving a Thiotepa/F-araA/Treo-based conditioning regimen were included in this study. All were children except for two who were 19 and 25 years. The patient demographics are listed in Table 1 . There were 55 males and 32 females. The majority of the patients (n 5 67; 77%) had an HLA-matched sibling donor (MSD); 11 (13%) had MRD and 9 (10%) had MUD transplants.
Treo assay validation
Treo assay was validated for its specificity, linearity, precision, accuracy, and recovery before it was used for measurement in patients' plasma. There was no peak detected in unspiked blank plasma at the retention times of IS (4.6 min) and Treo (5.7 min) (Figure 1a-c) . The method was linear for a concentration range of 0.5 to 10 mg/mL (Figure 1d) . The interday assay precision as reported in %CV was <10% and intraday precision was <13%. The mean recovery of Treo from plasma was much higher in our assay, i.e., 63.7-81.8% as compared to a previously reported method, 20 which was 40-48.1%. The lower limits of detection and quantification were 0.5 lg/mL and 1.0 lg/mL, respectively.
Population pharmacokinetics (PopPK) of Treo
The PopPK model parameters comprising BSA normalized dose are shown in Table 2 . Figure 2 
Limited sampling model (LSM)
Using these data, we developed a three-point LSM including end of infusion, 2 h and 6 h postinfusion timepoints. This model was compared to the model with the full sampling timepoints (n 5 7). The bias and error for CL and volume of distribution (V) were both reasonable (9% and -1%, respectively, for CL, and 10% and 8%, respectively, for V). Adding a 4 th sampling timepoint 24 h after the end of the infusion did not significantly improve the bias and error of the parameter estimates.
HSCT outcome
The outcome endpoints for 87 patients are summarized in Table 3 . Patients were followed up for a median of 31.77 months (0.37-55.33 months).
Engraftment
Out of 87 patients, three patients died early of regimen-related toxicity and other transplantation-related complications. Hence, 84 patients were evaluable for engraftment, of which, 82 (97.6%) engrafted their grafts. The median day of engraftment was 16 days (range: 11-23 days).
Chimerism analysis
Posttransplant hematopoietic chimerism was evaluated in all patients who were alive beyond day 128 (n 5 80). Six patients had mixed chimerism on day 128.
Rejection
Excluding the seven patients who died before day 128 post-HSCT, 80 were evaluable for rejection analysis. Five patients rejected their graft, out of which two had a primary graft failure.
Regimen-related toxicities
The incidence of regimen-related toxicities was documented in all 87 patients. Hepatic SOS was documented in 16 patients and seven had pulmonary SOS. Mucositis was mild to moderate (grade 1-2) in 17 patients and severe in 17 (grade 3-4) patients. Fifteen patients died before day 1100 (D1100 transplantrelated mortality (TRM)). Overall, 68 (78%) patients were alive at the last follow-up and the event-free survival (EFS) was 76%. The major cause of death was steroid refractory GVHD, SOS, multiorgan failure, sepsis, and infections.
Treo PK association with HSCT outcome
The influence of Treo PK on HSCT outcome parameters including rejection, regimen-related toxicities, OS, EFS, and TRM was evaluated. Since only two patients did not engraft, this parameter was not included for analysis. Despite a wide IIV, rejection, regimen-related toxicity, or TRM were not influenced by Treo PK (both as continuous variable and upon quartile analysis). Cox regression analysis showed a higher risk for low Treo CL (<7.97 L/h/m 2 ) towards poor overall and EFS (hazard ratio 
DISCUSSION
A Treo-based conditioning regimen for hematological malignant and nonmalignant diseases has proven to be beneficial in patients undergoing allogeneic HSCT, 2, 11, 23, 24 especially as an attractive alternative to a busulfan-based regimen. Although the doselimiting toxicity and maximum tolerated dose of Treo have been documented, 14, [25] [26] [27] the PK and PD of Treo have not been extensively reported in the HSCT setting.
We established and validated a sensitive high-performance liquid chromatography (HPLC) Refractive Index (RI)-based method to measure the Treo concentrations in patients' plasma. Although simple, the previously published method 20 was difficult to reproduce in our system, either due to the nonavailability of the internal standard, barbital (use prohibited in India), or poor recovery of acetaminophen. Since busulfan is structurally similar to Treo, we used busulfan as an internal standard. Unlike what was reported previously, 20 we found a constant, stable area and retention time for busulfan. Also, there was a 1.1 min difference in the retention time between Treo and busulfan. Since this method did not require any derivatization of busulfan to be analyzed in an RI detector (RID), it reduces the sample processing time and the total run time. This method has a 1 lg/mL quantitation limit and has a higher recovery rate (64-82%) than the previously published method 20 (40.0-48.1% ). This is the first study evaluating the dose-exposure-response relationship of Treo in a large uniform cohort of patients with a nonmalignant condition such as TM receiving a thiotepa/FaraA/Treo-based conditioning regimen. Previous reports on Treo PK are in a small number of patients, and included a mixed cohort of adults and children with solid tumors, hematological malignant, and nonmalignant disorders. 14, [18] [19] [20] [21] 26, 28, 29 The dose and rate of infusion of Treo also was variable (8 g, 10 g, 12, and 14 g/m 2 were administered at different rates from 30 min to 2 h infusion of entire dose). In our center, a fixed dose of Treo (14 g/ m 2 ) and a constant rate of infusion at 5 g/h is followed. We observed 68% and 64% of IIV in Treo AUC and CL, respectively. Glowka et al. 20 reported a 70% IIV in Treo exposure with three different doses (10, 12, and 14 g/m 2 /day) and in five children. In another study by Ten Brink et al. 21 in 20 children with different indications for HSCT, the IIV was strikingly less (14.5%). Various PopPK models have been developed for drugs used in HSCT conditioning like BU, [30] [31] [32] [33] CY, 34-37 F-araA, [38] [39] [40] [41] melphalan. [42] [43] [44] [45] So far, there is only one PopPK model of Treo including 12 children with a two-point LSM (4 h and 7 h postinfusion) which was validated in eight children. 21 In this study we developed a three-point LSM including end of infusion, 2 h, and 6 h postinfusion. This model could best be used in the clinical setting if sample collection and analysis has to be done on the same day in the future.
The Treo PK was compared with previous studies in HSCT recipients receiving a Treo-based conditioning regimen ( Table 4) . ). Beelen et al. 26 first described the Treo PK in 18 adults (median age 44 years), undergoing a Treo/Cy-based regimen for hematological malignant diseases. The mean Treo AUC was 1,104 6 173 mg/L*h. Glowka et al 18 described the PK in seven children (median age 14 years) with various hematological malignant diseases and dose of Treo. Only one of these patients received 14 g/m 2 , while the others received 10 or 12 g/m 2 Treo. The authors did not describe the combination of drugs used in the conditioning regimen along with Treo. However, they have demonstrated a linear increase in AUC with dose. The same group 19 measured Treo and its metabolite (S,S, EBDM) in 16 children (median age 7.5 years) using an liquid chromatography / tandem (1,365 6 293 vs. 1,309 6 262 mg/L*h). Another study 46 in six pediatric oncology patients showed that Treo AUC was not significantly different in patients receiving either 12 or 14 g/m 2 (1,486 6 235 vs. 1,412 6 215 mg/L*h). Of note, these authors used RP-HPLC coupled with a UV detector to measure the total Treo and its metabolites. Hence, the obtained Treo AUC is not just the parent prodrug but also the cumulative AUC of Treo and its active metabolite S,S-DEB. Previously, another group 21 also described a similar RP-HPLC with a UV-based method to study the derivatized Treo in patients' serum. The authors developed a PopPK model with 12 children (median age 6.9 years) receiving Treo along with F-araA 6 ATG/Alemtuzumab/ Thoracoabdominal radiation at a dose of 14 g/m 2 /day 3 3 days. The mean AUC was 1,639 6 237 mg/L*h.
The present study is the largest (n 5 87) describing Treo PK in a uniform cohort of TM patients and a fixed dose of 14 g/m 2 . The mean AUCs were comparable to all studies except in one, 26 where it is very low when compared to the present study and two others 21, 46 that measured the total Treo 1 metabolites. However, almost 1/4 th of our patients (n 5 20) are in the lowest quartile of Treo AUC, which is below the range described previously. This difference could be due to the small number of patients of varying underlying conditions included in the previous studies. Also, since the Treo dose is given based on body surface area (BSA), the adult patients receiving 14 g/m 2 /day will actually receive a cumulative Treo dose higher than those received by a child with the same 14 g/m 2 /day dose. Wide IIV in Treo PK was reported in various studies but none of these have described a possible reason for this variation. The PopPK model described in this study also fails to explain this variation.
Apart from the known factors influencing the HSCT outcome, we evaluated if Treo PK plays a role in the outcome. Since only two patients did not engraft and five rejected their grafts, we did not analyze these endpoints with Treo PK. Although 39% of patients had mucositis and at least 18% developed SOS, Treo PK was not significantly different between those who had toxicity and those who did not. Treo PK did not influence the early TRM or EFS either. In a post-hoc analysis, it was striking that lower Treo CL <7.97 L/h/m 2 was significantly associated with poor overall and EFS (P 5 0.032 and P 5 0.055, respectively). We are continuing this study with increased sample size as a validation cohort to arrive at a therapeutic range for Treo to improve HSCT outcome, since the incidence of toxicities or rejection was lower in this cohort.
In summary, a wide IIV exists in Treo PK and the factors responsible for this variation still remain unknown. Our study suggests that lower Treo exposure is probably beneficial over a high exposure without the adverse effects of rejection or toxicity. Also, the plasma levels of Treo achieved at 12 g/m 2 are comparable to 14 g/m 2 , as shown previously. 8 Hence, instead of a maximum tolerated dose of Treo, a minimal beneficial dose should be identified in the HSCT setting with personalized dose-exposure monitoring which might reduce the cost of the procedure while improving the outcome. Also, the LSM we developed in this study is important, as it will allow us/others to efficiently conduct larger studies to better address questions related to PK variability and exposure outcome.
METHODS Patients
All patients diagnosed with TM (class III high risk and class II patients) undergoing HSCT with a thiotepa/F-araA/Treo-based conditioning regimen as previously reported 7, 10 between January 2012 and 2015 in the Department of Hematology, Christian Medical College, Vellore, India, were included in this analysis. Written informed consent was obtained from the patients/parents. This study was approved by the Institutional Review Board. Patients receiving any other combinational conditioning regimen, other comorbidity, or who did not consent to participate were excluded from the study.
Conditioning regimen
All patients received F-araA 40 mg/m 2 /day 3 4 days over a 1-h infusion from day 25 to day 22 and Treo 14 g/m 2 /day 3 3 days at the rate of 5 g/h from day 25 to day 23 prior to HSCT. Thiotepa at a dose of 8 mg/kg/day was administered on day 26. Cyclosporine (2.5 mg/kg/ dose, b.d.) and methotrexate was given as GVHD prophylaxis. Lucarelli class III patients were further risk stratified based on the Vellore classification. 47 HLA identical/matched sibling/related donors (MSD/MRD) or HLA-matched unrelated donors (MUD) were used for transplantation with GSF mobilized peripheral blood stem cells (PBSC) as the source ( Table 1) .
Reagents and chemicals
Standard Treo for the PK analysis was a kind gift from Medac (Hamburg, Germany). Busulfan, K 2 HPO 4 .3H 2 0, K 2 EDTA.2H 2 O were purchased from Sigma Aldrich (St. Louis, MO); acetonitrile was purchased from Merck (Mumbai, India) and citric acid from Amersham Life Sciences (Cleveland, OH). Amicon Ultra 0.5 mL centrifuge filters (10 kDa cutoff) were purchased from Merck Millipore (Ireland). Standards for the Treo assay were prepared in drug-free blank plasma (obtained from the Christian Medical College hospital blood bank).
Sample collection and processing for pharmacokinetic analysis Peripheral blood (5 mL) was collected in ice-cold sodium heparin tubes before the start (0 h), end of infusion, 1, 2, 3, 5, 7, and 24 h after the end of Treo infusion. The blood was immediately adjusted to a pH of 5.5 by adding 50 lL of 1M citric acid/mL of blood. This was done to avoid the artificial ex vivo degradation of Treo. The sample was centrifuged at 3,500 rpm for 10 min to obtain plasma and stored at -808C until further analysis.
Measurement of plasma Treo in HPLC-RID
Measurement of plasma Treo levels were carried out as per the method reported previously, 20 with some modifications. A Shimadzu LC-20AD UFLC coupled with a Refractive Index detector (RID-10AD) system controller with an autosampler (SIL 20AC HT) and column oven (CTO-20AC) (Shimadzu, Kyoto, Japan) was used. The modified method was validated in-house for accuracy, inter-and intraday precision, linearity and range, limit of detection, and quantification (LOD, LOQ) and recovery (Supplemental Methods). Busulfan was used as the internal standard. Phosphate buffer and acetonitrile were used as mobile phase and the separation was performed on a Synchronis C18 column (250 mm 3 5 l 3 4.6 l ID, ThermoFisher Scientific, Waltham, MA). Mobile phase, standard, and internal standard were prepared fresh before use (Supplemental Methods) for preparing the standard curve. Briefly, increasing concentrations of Treo and 15 lL of 1 mg/mL BU was spiked in drug-free plasma and mixed thoroughly. The contents were transferred to Amicon ultrafiltration tubes and centrifuged at 14,000g 3 15 min. The clear filtrate (50 lL) was injected onto the column and maintained at 308C through the autosampler. Treo was detected using the RID managed by LC solution software (Shimadzu). The patients' plasma was also processed similarly and deionized water was spiked instead of standard Treo. The concentration is expressed in mg/L. ). In addition, the individual post-hoc parameter values were used to estimate the area under the concentration curve (AUC mg*hr/ L). The interindividual and interday variability of the parameters was assumed to be log-normally distributed. A proportional residual error model was used with assumed normal distribution of the residuals.
Population pharmacokinetics of Treo
The relationships between the PK parameters and covariates were described using the following model: H Base *exp(b*covariate). A covariate was considered significant in the univariate analysis if the addition of the covariate to the model reduced the objective function value (OFV) at least 3.84 units (P < 0.05, based on the v 2 test for the difference in the -2 log-likelihood between two hierarchical models that differ by 1 degree of freedom). The covariates considered in this analysis were demographics (age, body weight, BSA, sex, liver size, liver fibrosis) and biochemical parameters (ferritin levels, liver enzymes, hemoglobin).
Limited sampling model
An LSM for Treo PK was developed with these data to reduce sample collection timepoints for future studies. Specifically, we generated datasets from our original population with subsets of three timepoints per individual chosen from the original times (end of infusion and 1, 2, 3, 5, 7, and 24 h after the infusion). We then estimated the individual posthoc PK for each of the three timepoints per individual LSMs and compared the results to the individual post-hoc PK estimated using all seven timepoints per individual. The LSMs were ranked by their bias and error where bias was defined as: P n i51 jðu i;full 2u i;LSM =u i;full Þj=n and error was defined as: P n i51 ½ðu i;full 2u i;LSM Þ=u i;full =n where H i,full are the individual PK parameter estimates using all seven sample times and H i,LSM are the individual PK parameter estimates using the three-timepoint LSM.
Chimerism analysis
Whole-blood chimerism was evaluated by polymerase chain reaction (PCR) amplification of the short or variable number tandem repeats (STR/VNTR) markers followed by capillary electrophoresis (Genetic Analyzer ABI3130) as reported previously. 48 
HSCT outcome
The influence of Treo PK parameters (CL or AUC), biochemical, and demographic factors on HSCT outcome including rejection, regimenrelated toxicity, TRM, overall and EFS were analyzed. Neutrophil engraftment and day 128 chimerism post-HSCT was documented as a part of the standard of care for these patients. Neutrophil engraftment was defined as the ANC 0.5 3 10 9 /L on 3 consecutive days; complete chimerism was defined as 95% of donor pattern in the patient's peripheral blood. Overall survival (OS) was defined as the percentage of patients who were alive at last follow-up and EFS was defined as the percentage of patients who were alive without rejection or graft failure at last follow-up. Early deaths before day 121 were excluded for engraftment analysis and patients who died before day 128 were excluded for rejection analysis. Deaths due to any cause directly or indirectly related to HSCT were included in the OS analysis.
Statistical analysis IBM SPSS statistics 21.0 (Armonk, NY) and GraphPad PRISM5 software (San Diego, CA) were used for statistical analysis. Fisher's exact test and Pearson's chi-square test were used for studying the individual variables influencing HSCT outcome association. Age, body weight, BSA, liver size, ferritin levels, liver enzymes, Treo CL, and AUC were treated as continuous variables for the preliminary analysis. Age, sex, liver fibrosis, donor type, Treo CL, and AUC were taken as categorical and checked for the influence on outcome. We also did a quartile analysis on Treo CL and AUC on all the outcome parameters. Relative risk of variables on the HSCT outcome was performed by logistic regression. Log rank Cox regression was used for the survival analysis and the KaplanMeier curves were generated for OS and EFS. P < 0.05 was considered statistically significant.
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